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Tubes are a vital component of most structures, especially in the power, 
and oil and gas industries. Tube failure, especially in the nuclear and 
chemical industries, can have catastrophic effects with irreversible environ-
mental and ecological damage. The notable Chernobyl nuclear accident in the 
Soviet Union has made the public extremely sensitive and concerned about the 
safety of nuclear plant operation. 
Tube failure is often caused by unintended, localized deflections, which 
induce undesirable stresses in the tube that accelerate corrosion and crack-
ing. Therefore, it is imperative to measure deflection to assess the tube's 
operational safety. However, tube deflection cannot always be measured easily 
from outside the tube. Furthermore, no off-the-shelf system exists for 
measuring deflection inside the tube. In response to this problem, we have 
developed an innovative system for measuring tube-centerline deflection based 
on eddy current principles which have been used for dimensional measurements 
in many systems [1,2]. This method consists of a device that senses deflec-
tion by following tube contours and a mechanical delivery/positioning system. 
The eddy current signals are then interpreted and integrated into physical 
tube-centerline deflections. 
In this paper, we report on a study in which the eddy current lift-off 
and edge effect principles were applied to develop a measuring device for 
sensing tube deflection. We also present the signal reduction and interpreta-
tion methods used to process the eddy current signal into true deflection 
dimensions and the derivation of a radius of curvature calculation using an 
arbitary set of three deflection measurements. Finally, the advantages and 
disadvantages of using this eddy current mechanical device for measuring tube-
centerline deflection are discussed. 
BACKGROUND AND ANALYSIS 
The principle of the system is that eddy current effects [3], such as 
lift-off and edge effects, are sensitive to dimensional changes, and can thus 
be used to determine tube deflection. Figure 1 shows the amplitude response 
of an experimental eddy current signal versus deflection angles due to the 
lift-off effect, and Fig. 2 shows the amplitude response due to the edge 
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effect. According to these results, the edge effect approach is more 
sensitive and more linear over the deflection range of interest. 
Figure 3 shows a sketch of the mechanical measuring device that was 
designed using the edge effect principle. Here, c is the distance between the 
sensing point C and the pivot point 0, b is the distance between 0 and the 
first contact point B, and a is the distance between B and the second contact 
point A. The a10grithm derivation and data analysis can be greatly simplified 
by using contact point B as the effective measuring position. As shown in 
Fig. 4, the equation for the deflection, D(P), at an axial position P can be 
expressed as 
D(P) ~ D(P-b) + b tan [91(P)] 
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Figure 1. The eddy current amplitude response as a function of the 
deflection angle due to the lift-off effect. 
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Figure 2. The eddy current amplitude response as a function of the 
deflection angle due to the edge effect. 
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Figure 3. The mechanical device designed using the eddy current 
edge effect principle. 
A 
Figure 4. A diagram of the sensing device in relation to the tube. 
where el(p)= e(P)+tan-1 [D(P-b)-D(P-b-a)]/a is the effective deflection 
angle at point P, in which e(p) = tan- l [c sin a / ( b + c cos a)] is the 
calculated deflection angle at position P with the measured angle, a, with 
respect to the pivot point O. The deflection angle a is converted from the 
eddy current signal, which was obtained with reference to the calibration 
curve, as shown in Fig. 2. 
The analysis algorithm can be further simplified if the sensing point C, 
the pivot point 0, and first contact point B coincide. In this case, the 
deflection D(P) at position P is found to be 
D(P) = D[P - S (P)J + S(P) tan [el(p)] (2) 
where S(P) is the position advanced at point P by the axial delivery system, 
and el(p)= el[p-S(P)]+ e(p) is the effective deflection angle at position P. 
We can obtain a two-dimensional profile of the tube by correlating the 
measurements of tube-centerline deflection with their axial coordinates. The 
radius of curvature (ROC) indicates the degree of bending. The ROC can be 
determined for an abitrary set of three deflection measurements of the section 
under consideration. If X is the axial position at point P and D is the 
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deflection obtained at point P, the expression for the ROC for points 
Pl(Xl,Dl), P2(X2,D2), and P3(X3,D3) can be written as 
2 2 2 2 2lh 
ROC = [X3' D2' + (X2' +D2' -X2'X3') ) /2D2' (3) 
where X2' .. (X2-Xl) cos a + (D2-Dl) sin a, D2' = -(!~-Xl) sin a + (D2-Dl) cos 
a, X3' .. (X3-Xl) cos a + (D3-Dl) sin a, and B - tan [(D3-Dl)/(X3-Xl»). If 
the deflection is downward, the ROC is positive. If the deflection is upward, 
the ROC is negative. The ROC is infinite if the tube is straight. 
SYSTEM CONFIGURATION AND EXPERIMENTS 
A diagram for the deflection measurement system is shown in Fig. 5. The 
system can be divided into three functional segments: the devices (sensing 
device and delivery device), instrumentation, and analysis. The sensing 
device houses the eddy current coils and follows the contour of the inner wall 
of the tube. The delivery/positioning device, consisting of a motor and gear 
box and wheel assemblies, drives the sensing device into the tube. As shown 
in Fig. 3, wheel assemblies at A and B ensure that the device maintains the 
proper contact with the tube wall. Wheel assembly at C follows the profile of 
the tube, with the pivot point 0 corresponding to the degree of bending. The 
hardware must be designed to measure not only the smallest deflection, but 
also negotiate the largest bend that may occur in the tube being inspected. 
The eddy current coils are housed in each side of a stationary base and 
are configured in a differential mode to average out the inherent noise. The 
mechanical bar cuts across different coil surface areas as the sensing device 
follows a bend in the tube. The device is designed such that the sensing 
mechanism measures tube deflection without being influenced by of the tube 
materials. 
The instrumentation consists of a mechanical controller and the eddy 
current test instrument. The mechanical controller advances the 
delivery/positioning device into the tube and directs it to feed back posi-
tional information. The eddy current instrument is calibrated using the gain 
adjustment so that the range of the eddy current output corresponds to the 
range of the deflecting angles desired. The vertical channel signal provides 
the deflecting signal output. The horizontal channel signal is minimized 
during operation. The axial positional information and the eddy current 
voltage reading are sent to a data acquisition device (e.g., a strip-chart 
recorder) for data reduction and analysis. The eddy current signal is 
converted into the true tube deflection value using Eq. (l). 
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Figure 5. System diagram for the measurement of tube-centerline deflection. 
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Computer-simulated experiments were conducted to test the algorithms 
applied in the analysis function using a set of a and b values. For these 
experiments, we assumed an arbitrary test tube whose centerline is shown in 
Fig. 6. Data sets were then obtained from trigonometric calculations. A 
known set of ROC data was used to test the ROC algorithm. 
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Figure 6. Results of computer-simulated experiments. 
We also conducted laboratory experiments to demonstrate the operating 
concept. Eddy current and positioning signals were generated by a Zetec MIZ-
12 eddy current instrument, operated at 400 kHz, and output to a Gould 2400 
strip-chart recorder. The angle of deflection taken from the chart was 
processed on an IBM PC to calculate the true deflection and ROC. Data 
acquisition and signal analysis can be fully automated by using a computer to 
control the measuring and analyzing processes. 
RESULTS AND DISCUSSION 
Results from the computer-simulated experiments indicated that the 
mathematical algorithms were correct. The data obtained with given sets of a 
and b values corresponded to those shown in Fig. 6, using either Eq. (1) or 
(2) and the calculated ROC results agreed with known ROC data. 
The results of the laboratory experiments are shown in Fig. 7. The solid 
line shows the true deflection along the axis of the tube, and the dashed line 
shows the data obtained from our prototype system using the algorithms tested 
in the computer-simulated experiments. The prototype data set is generally in 
good agreement with the true data set. 
Discrepancies result from errors in measurements of the axial position. 
As expressed in Eqs. (1) and (2), the deflection calculation depends not only 
on the axial position, but also on previous deflections, so that errors are 
propagated during the calculation. 
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Figure 7. Results of laboratory experiments. 
These errors can be minimized by designing a sensing device that refers 
to universal reference fields such as gravity and earth magnetics. However, 
gravity and earth magnetics cannot be used to measure the tube deflection at 
an arbitrary orientation. 
Although this deflection sensing system was developed primarily for 
nuclear applications, it can be used in the oil and gas, piping, and other 
industries. 
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